ABSTRACT
INTRODUCTION
The use of brushless permanent-magnet motors is constantly growing in a wide spectrum of applications, compared to conventional DC motors, typical advantages of these motors include a substantial lifetime increase, with much less wear and EMI, and also a dramatic failure reduction in demanding environments due to vibrations or temperature variations for instance. This cost reduction trend, however, has been slowed down by the complex winding patterns of typical brushless motors, as well as the cost of the encoder for closed-loop operation. Therefore, there is a growing need for low-cost, reliable and easy-to-build motors for mass production.
A novel synchronous motor described in [1] can be used as a stepper or a BLDC motor with an adequate closedloop control. The closed-loop control can be achieved by inserting Hall probes at suitable locations in the stator [2] , or by monitoring the back EMF. The motor structure and calculation have been described in [3] .
In this paper, we will begin by describing the BLDC motor structure and its benefits. We will then make mechanical analysis of BLDC actuators we have developed. We will then finish in an analysis of the solution for the electronic drive of the actuator.
BLDC MOTOR STRUCTURE
The brushless motor presented in this paper is a 3-phase motor with low-cost design due to:
• A reduced number of parts, • A simplified process, • And low-cost materials.
The motor is described in the figure below. The typical stator structure has 9 teeth and the shape of these teeth is such that the coil does not have to be wound directly on the stator but can be wound off line and can be slid onto the teeth of the stator. The stator is also designed for the integration of three Hall sensors in order to create a position encoder with the magnetic transition on the rotor. The 3 Hall probes with a 5 pole pair magnet generate 12° accuracy on the position of the motor output shaft (sensor mode). The position of the rotor could also be monitored by backemf measurement on the third coil non energized as the motor is usually driven two phase on (sensorless mode)
Hall Sensor Circuit Board
Figure 4 : Typical Hall sensor integration in the stator
The rotor is simply made of a ring magnet (typically plastic bonded with radial anisotropy) and is installed on a cylindrical ferro-magnetic yoke made of iron. The combination between the stator and the rotor number of poles in the structure allows a very good harmonic cancellation [3] which leads to very low cogging torque and a very sinusoidal torque with current as shown below: Compared to other BLDC motors, our design adds other benefits. Indeed, our motor is based on a low cost design thanks to:
• A small part numbers, • Very simple stator shape, which allows a low tooling and assembling cost, • Easier winding than other BLDC motor which hugely simplifies the mounting process.
Our BLDC structure is easily scalable and we have developed a family of BLDC presented in the table in appendix A.
ANALYSIS OF BLDC ACTUATORS DEVELOPED FOR ENGINE MANAGEMENT

ROTARY BLDC ACTUATOR FOR EGR VALVE ACTUATION
In order to reduce the emission at the exhaust, some of the burnt gas are redirected inside the engine to be burnt a second time. In order to still have a good efficiency of the engine with lower pollution, we need to regulate the recirculation of the exhaust gas with an electrically actuated EGR valve.
This engine management application requires high dynamic performances for the actuator in a really harsh environment (ambient temperature up to 140°C, with a valve polluted by soot (sticking force at opening) In order to answer the demand for more powerful actuators, we have developed a rotary BLDC actuator. In this actuator, we have integrated:
• Our BLDC structure • Three Hall switch for position encoder integrated in the motor stator has presented in the first part of this paper • A two stages straight spur gear reducer • A closed loop electronic.
The figure below shows the prototype. The choice of the BLDC size is done for heat dissipation reasons. We can assume efficiency around 70% for the motor and 90% for the two stages gear reducer, so around 63% for the actuator.
When looking at application requirements given before, we need to generate a mechanical power of 4W with an ambient temperature of 125°C. With the efficiency given earlier it leads to an electrical power of 6.5W to supply to the motor. With the 70% of efficiency for the motor, we have some joule losses around 2W to dissipate. If we accept an increase of temperature around 30°C in the motor up to 155°C, we need to use a motor with thermal resistance around 15°C/W. For a good integration of the gear reducer in the actuator, we prefer to use a flat motor. Taking into account these parameters, we have selected a motor with an outer diameter of 42mm and a stack of lamination length of 8 mm (0.6L). The motor constant in this size is 0.0115 Nm/√W.
In order to meet the dynamic requirements of this application, we have then selected a 3.5 Ohm terminal resistance (2-phase on) for this motor. These choices lead to the calculated torque versus speed curve below for the motor alone. The choice of straight spur gear reducer allows really flat actuator integration with our BLDC motor structure. This kind of gear reducer has a high efficiency which combined with the low detent torque in our motor allows a good back-drive of the actuator for fail-safe requirement. With a two stage gear reducer, we are able to realize easily reduction ratio between 10 and 20.
In order to meet the torque and dynamic requirements of this application with the selected motor, we have chosen a reduction ratio of 1:15.7. Hereafter is shown the torque versus speed curve of the Electro Commutated Actuator (ECA). With the 12° accuracy on the motor shaft position, if we neglect the mechanical play in the gear reducer, the 1:15.7 gear ratio gives a resolution of 0.77° on the actuator output shaft.
In this ECA, we have also integrated a position closed loop-electronic which will be presented later in this paper. The overall dimensions of this actuator are shown hereafter 
Measurements of the actuator
Motor constant measurement
By integrating the back-emf in the motor with a fluxmeter, we have obtained the following result.
Figure 11: Torque constant measurement on the actuator
From this measurement we have obtained:
Where γ is the motor torque constant 2 phases-on.
From this motor torque constant of the motor, we deduce the torque constants of the actuator: 
Travel time measurement
A first measurement is done on the actuator without closed-loop electronic and without any load (figure below). With these measurements, we measured a travel time of 250 ms to open the valve and 100 ms for closing. This increase is due to the soft landing realized by the closed-loop control. Indeed, 90% of the stroke is realized during the first 50% of the travel time.
On the same valve equipped with the spring, we have also measured a fail-safe return time of 230 ms.
Thermal resistance measurement
In order to be sure that we will not over-heat the actuator, we have done the thermal resistance measurement below. 
Summary of the actuator performances
The actuator mounted on an EGR valve with the return spring previously described has the main performances listed below: The picture below shows the actuator integrated on a production EGR valve.
Figure 17: Picture of the actuator mounted on an EGR valve
LINEAR BLDC ACTUATOR FOR VGT ACTUATION
In order to use the wasted energy from the exhaust gas, many engines are using turbo charging with exhaust gas. In this solution, the exhaust gases are driving the turbine. At the other end, this turbine compress the air admitted in the engine. Using a higher compression ratio for the air in the engine allows to burn also more fuel with an increase in the power and the efficiency of the engine. A standard turbocharger is shown below.
Figure 18: Standard turbocharger
In order to optimize the efficiency of the turbocharger on the whole rotation speed range of the engine, we need to adapt the turbine characteristic to the engine rpm. Such an adaptation of the turbine is realized by changing the inflow angle and the inflow speed at the turbine wheel inlet. This is realized with the adjustment of guide vanes and called VGT. First VGT was actuated with a pneumatic actuator as shown below.
Figure 19: VGT with pneumatic actuator
Today, regulations on emission controls and request for fuel saving are so important that we need a really increased accuracy on this turbine geometry adjustment. This increased accuracy leads to a closed loop electric actuation of the vanes. The requirements for this application are really closed to those of the EGR valves (high dynamics in a harsh environment).
We have applied for a patent regarding a linear BLDC actuator [6] and developed one prototype to replace this pneumatic actuator with the same motion transformation between the actuator and the turbo.
The principle of this linear BLDC actuator is the integration of a nut in the motor rotor in order to drive in a linear motion a lead screw associated with a nonrotating feature as shown below. The actuator has been described in [7] [8]. As for the EGR application, we have developed a high temperature prototype for this application integrating:
• Our BLDC motor • A rotary to linear motion transformation done with a lead screw, a nut, and a non-rotating device • A fail safe spring • A high temperature closed-loop electronic.
The picture below shows this actuator. 
Sizing of the actuator
In order to withstand the 70N peak force on the actuator, we have calculated a screw minimum diameter of 4.1 mm. As we want to design a fail-safe actuator (backdrivable), we need a minimum lead angle of 25° on the lead screw. This minimum lead angle has been determined experimentally for a minimum back drive efficiency of 50% over temperature range whatever the lubricant will be. If we go to lower back drive efficiency, we consider we are no more able to back drive the actuator. These two parameters give a lead of 6 mm. On such a lead screw, we have a typical direct efficiency of 72% and back drive efficiency of 68%. With this lead and the 12° resolution of the motor rotor with the encoder, we have an actuator resolution of 0.2 mm.
We want to integrate this linear BLDC prototype on a standard turbo equipped with an electric rotary actuator (DC + worm gear). The figure below shows the motion transformation between the actuator rotary shaft and the turbo rotary shaft.
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Figure 22: VGT motion transformation
With our linear actuator, we can save the actuator lever and connect directly the connecting rod with the actuator shaft through a ball and socket joint. We have made an analysis of the existing actuator in order to have similar performances with our linear BLDC actuator:
By adjusting the motor size and resistance with the lead screw, we are able to reproduce the same performances on the turbo shaft. We have selected a BLDC size 42-1L (stator length 13.5 mm, see appendix A). In this actuator, we have also integrated a closed loop electronic (see detailed presentation in the section below) and a return spring for fail safe feature with a preload of 3.1N and a stiffness of 0.32 N/mm. With all this parameters, we obtain the following force versus speed.
Linear force, spring deducted @25°C Our measurements have shown that the prototype is really closed to our simulations. Hereafter is a picture of the prototype mounted on a turbocharger.
Figure 28: Prototype mounted on the application
This linear BLDC design could be an interesting solution for variable geometry compared to existing solution due to:
• A contactless, low-cost solution
• One lever is saved in the motion transformation This demo-board has been validated for the performances listed below:
• The performances of these electronics are really interesting for high temperature application but the high number of components (and so the cost…) could become a limitation for the development of such BLDC actuators when the production quantities increase.
ASIC DEVELOPMENT FOR LARGE QUANTITIES APPLICATIONS
On automotive mass production applications, when annual production quantities are over 1 million parts, the choice of an Application Specific Integrated Circuit (ASIC) development with an electronic supplier could become profitable. Indeed, such an ASIC could encompass the two separated logic stage we see in the previous electronic in a single package. The electronic circuitry could be reduced as outlined in the figure below.
Low components and compact design Thermal resistance are given for a 2 phase-on running motor
